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Abstract: The SEA /Balance (soil erosion—accumulation balance) model and the WATEM /SEDEM
model both mapping the erosion-accumulation budget of sediment within river basins were tested
for 11 river basins of the eastern Russian Plain. The dynamics of river sediment yield were evaluated
within one of the river basins. The analysis is based on observations of suspended sediment yield
in test river basins with an area ranging from 100 to 1500 km?. The maps of the average annual
erosion—accumulative budget of sediment were constructed using two methods, making it possible to
quantitatively assess the amount of sediment yield from the catchment area for the river basins under
study. The WATEM/SEDEM model and the author’s SEA /Balance model were used for sediment
yield estimation. The results of calculation using the WATEM/SEDEM model have an average bias
of +11% compared to observed suspended sediment yield. The corresponding value in the case
of the SEA /Balance model application is —29%. SEA /Balance model assessment sediment yield
dynamics for the Sterlya river basin show an 11 percent reduction. It is possible to conclude that the
proposed method of SEA /Balance can be applied to river basins of the agricultural zone of the east
Russian Plain.

Keywords: WATEM/SEDEM; SEA/Balance; sediment delivery ratio; erosion-accumulative
budget mapping

1. Introduction

The long-term quantitative assessment of erosion and accumulation intensity in a river
basin, as well as the evaluation of sediment yield from a river basin into a river, are among
the key indicators for determining the soil degradation rate in a river basin and the degree
of streams pollution by sediment [1].

The erosion-accumulative processes are incredibly intensive in areas with a high
degree of slope plowing. Thus, the quantitative assessment of erosion-accumulative
processes on arable lands is an urgent task [2].

Significant climatic changes have occurred in the study region, as well as in the
southern half of the European part of Russia over the past few decades (since the early
1990s). An increase in the frequency of intense rainfall has led to a slight rise in soil loss,
and a sharp reduction in surface runoff during snowmelt has led to a large decrease in soil
loss [3]. In addition, the areas of arable land have varied quite strongly, and the borders of
the fields have changed, which has resulted in decreased erosion and sediment yield. [4,5].
At the same time, the river sediment yield observations network was significantly reduced.
The use of the sediment spatial redistribution models verified and adapted for specific
regions will make it possible to identify the hot points of the most significant basin erosion
and potential sediment inflow into water objects.

Several multi-temporal cartographic models have been developed, representing ei-
ther the degree of soil cover degradation from erosion processes or the intensity of ero-
sion processes on arable land within the European territory of Russia. However, no
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maps show the average annual erosion-accumulative sediment budget for the river basins
integrally [6,7]. Creating a map reflecting the intensity of erosion along with accumulation
would be very relevant for the study area.

Studies obtaining maps of the annual erosion—accumulation budget of deposits are
rare. For example, the USPED model allows producing the erosion and accumulation
maps for Washington State (USA) [8]. However, only qualitative analysis was conducted in
this study, and there are no quantitative estimates of the sediment budget. In addition, a
quantitative spatial model of the erosion-accumulation budget has been created within one
of the river basins in Spain using the WATEM/SEDEM model [9,10]. A net water erosion
map using the WATEM /SEDEM model was constructed as part of the research conducted
in Mongolia in analyzing the contribution of gold mines to the sediment yield of the Tuul
River. Spatial analysis showed that higher soil losses were obtained for slopes taken up
by agricultural land. Sediment accumulation occurred mainly in the valley bottoms of the
Tuul River tributaries, which are often located within or near the mining areas [11].

Erosion and accumulation processes can be evaluated using various methods and
approaches described in the literature, but essential is the soil erosion models, which are
currently implemented using GIS [12]. There are different classifications of erosion models.
Most researchers identify conceptual, empirical, and physically based models [13].

At present, only a few empirical models are capable of estimating the average annual
soil erosion losses. The most widely used are USLE [14] and its modifications RUSLE [15],
RUSLE2 [16], and RUSLE3D [17]. The main advantage of these empirical models is the
relatively easy access to data, and the main disadvantages are the lack of consideration of
the accumulation of eroded soil on the slopes and soil losses from meltwater runoff. Mean
annual estimates also make it possible to make models intended for the evaluation of soil
erosion losses from runoff events. An example of such studies is the assessment of erosion
and sediment yield carried out in the Danube river basin using the SWAT model [18].

To spatially assess the erosion—accumulative sediment budget within an area, it is
necessary to know not only the eroded material amount but also how this material will
accumulate along the sediment transport path from the slopes into the river network. The
sediment connectivity of an area largely determines the processes of material accumulation
down the slope [19].

Sediment connectivity can be evaluated using a variety of quantitative indicators.
Sediment delivery ratio (SDR) [1] works on the assumption that only part of the soil washed
away in the catchment area moves downslope and into the river network. Although this
indicator was proposed a long time ago [19], it is still used in various studies [20-22].

One of the most widely used indicators for quantifying sedimentary connectivity is
the index of connectivity (IC) [23]. This index has been applied in many different regions
of the world: China [24]; France [25]; Spain [26]; Japan [27]; and Australia [28].

The researchers also use this indicator as the “delivery time” (travel time) of sediment
from the territorial unit to the stream [28]. This approach has been implemented in the
SEDD model [29] and applied in different parts of the world [30]. This indicator, like the
previous one, needs calibration when used for new territory.

There is also a “transport capacity” indicator [31-33]. This indicator is implemented
in the WATEM/SEDEM model. This model allows the spatial simulation of erosion—
accumulative processes in river basins with the construction of a mean annual sediment
budget map and the estimation of sediment outflow from the river basin, which allows
a quantitative verification of the results by comparing with observed data [9-11,31-33].
The methodology is implemented in open access software (https://ees.kuleuven.be/eng/
geography/modelling/watemsedem2006/, accessed on 15 July 2021) and requires a rela-
tively small set of spatial data, making it very attractive. The model has been previously
applied to the southwest of the European part of Russia (EPR). In particular, the digital
mapping of soils and the degree of soil erosion within the Belgorod region have been
performed and determined [33].


https://ees.kuleuven.be/eng/geography/modelling/watemsedem2006/
https://ees.kuleuven.be/eng/geography/modelling/watemsedem2006/

Water 2022, 14, 2781

3 0f20

The WATEM/SEDEM methodology was dedicated to use within small river basins
from few hectares to tens of square kilometers [34]. The model was initially developed for
the natural conditions of Belgium. Thus, the model must be calibrated for use in the east of
the Russian Plain. However, in our case, there are not enough initial data for this.

At the same time, there are quite a lot of field studies on small river basins of the
EPR, which estimated the sediment delivery ratio. These estimates were used to identify
several groups of small river basins depending on the features of the relief and made it
possible to replace the sediment transport capacity in the WATEM/SEDEM model with
group-averaged SDRs.

The goal of this study is to develop a methodology that implements spatial modeling
of the average annual erosion-accumulative sediment budget for the eastern part of the Rus-
sian Plain and a comparative analysis with the WATEM/SEDEM methodology. The model
under development was named SEA /Balance (soil erosion-accumulative balance). The
proposed methodology was used to assess changes in sediment yield from the catchment
area for one of the river basins over two time intervals that differ by climatic conditions
and changes in land-use structure.

2. Materials and Methods
2.1. Study Area
Eleven small river basins of the east Russian Plain supplied with data on annual

suspended sediment yield at the hydrological station were selected as study sites or test
river basins (Figure 1).
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Figure 1. Location of test river basins (1—river basin boundaries, 2—cities, 3—border of the European
territory of Russia, 4—rivers, 5—boundaries of landscape zones, 6—water bodies).

The selected basins are located within three landscape zones: forest; forest-steppe;
steppe. According to the Unified State Register of Soil Resources [35], either gray forest soils
(Greyic Phaeozems) or black soils (Chernozems) predominate within these river basins. The
annual climatic parameters averaged over the period from 1966 to 2013 for the selected river
basins are presented in Table 1 (the warm season is determined to be the time during which
the average daily temperature is above 0 °C). Table 1 was created based on the data from
the website of the Russian Research Institute of Hydrometeorological Information—World
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Data Center (RIHMI-WDC) (http://meteo.ru/, accessed on 10 July 2021). The study area is
characterized by average annual precipitation from 442 mm at the Oktyabrsky Gorodok
climatic station to 551 mm at the Samara climatic station by the data from Table 1. The
long-term average temperature varies from 3.1 °C at the Kilmez climatic station to 5.7 °C at
the Rostashi climatic station.

Table 1. Mean annual climatic characteristics of test river basins.

River Nearest Climatic Station P *—Warm Season, P—Cold Season, Mean Annual P, T *—Warm Season, E_COId Mean
. o eason, Annual T,
Basin ID Name mm mm mm C °oC °oC
77194 Kazan 361 187 548 12.7 7.7 4.1
76644 Kilmez 389 153 542 11.7 —8.8 3.1
77217 Chulpanovo 336 146 482 12.7 —-8.8 37
76324 Sterlitamak 335 185 520 13.1 —-9.5 37
76522 Elabuga 361 177 538 12.7 —83 39
76520 Elabuga 361 177 538 12.7 —8.3 3.9
75647 Krasnoslobodsk 359 180 539 129 —6.9 4.6
78205 Oktyabrsky Gorodok 286 156 442 14.0 —6.9 53
78157 Rostashi 321 128 449 14.1 —6.0 57
76646 Elabuga 361 177 538 12.7 —83 3.9
77222 Samara 323 228 551 14.5 -7.0 5.6

Note(s): * T—temperature, P—precipitation.

The study area is characterized by slope steepness from 1.2 degrees in the Birla river
basin (77222) to 2.6 degrees in the Betka river basin (77194). The studied river basins are
characterized by a large proportion of cropland, which varies from 52% in the Betka river
basin to 78% in the Atkarka river basin (Table 2).

Table 2. Relief and land use characteristics of test river basins affect the mass of formed sediment
and its transport.

River Basin ID—River Name Slope Angle, (deg) Length of Slopes, (m) Dl\elgtsxt))’r(l): 3:3,[ /}(]ﬂ];;y ngtev?sﬁz ?lf 1:1{;11/1(:2) g:?g:‘;:?rzj (ﬁ::za)
77194—Betka river 2.6 175 0.96 0.61 52 141
76644—Nurminka river 2.3 133 0.52 0.57 69 96
77217—Malyy Cheremshan 15 174 0.55 0.23 65 1254
76324—Sterlya River (1985) y. 1.6 177 - 0.44 61 591
76324—Sterlya River (2018) y. 1.6 162 - - 56 591
76522—Menzelia river 2.3 209 0.52 0.65 71 396
76520—Mellya river 2.1 218 0.60 0.26 66 766
75647—Rudnya river 2.3 200 - 0.26 63 1136
78205—Atkarka river 1.8 176 - 0.58 78 1014
78157—Bolshoi Arkadak river 15 142 - 0.12 73 1314
76646—Anzirka river 2.5 182 0.80 1.55 56 226
77222—Birla river 1.2 189 0.15 0.95 58 106

2.2. Data

The following spatial data on natural and anthropogenic factors were used as input
for WATEM /SEDEM: topography (as a DEM), map of land use/land cover types (with the
spatial distribution of arable lands, forests, meadows, rivers, anthropogenic objects), and
soil erodibility. The rainfall erosivity factor is set to be constant.

The spatial data of natural-anthropogenic factors used to implement the SEA /Balance
methodology are similar: relief (in the form of maps of slope angles, aspect, plane and
profile curvature, directions of surface slope runoff), map of land use, and soil erodibility.
Additionally, the maps of rainfall erosivity factor and snow water storage were provided
for SEA /Balance input. The data used to prepare the spatial models for calculating the
erosion—accumulative sediment balance are described below.


http://meteo.ru/
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2.2.1. Relief and LS-Factor

The maps with morphometric characteristics (slope angle, aspect, profile, and plan
curvature), flow directions, and catchment boundaries were obtained using the global
publicly available SRTM SIR-C elevation model [36] with 1 angular second resolution,
which is close to 25 x 25 m cell size grid of the study area (https://lta.cr.usgs.gov/,
accessed on 25 July 2021). This model also provides more accurate morphometric elevation
characteristics required for calculating soil erosion losses than other global open source
DEMSs with similar resolution [37,38]. The hydrological correction of the relief model was
performed to remove local depressions for further calculation of the LS-factor [39,40]. The
erosion potential of the relief (LS-factor) is estimated in different ways in the used methods.
The approach described in the article of Desmet and Govers [41] is used to assess the
LS-factor in the WATEM /SEDEM methodology. The SEA /Balance methodology uses the
Formula (1) to evaluate the LS-factor:

18.62sin {arctg(llml)}

LS =221"PLF 1+ 100.339-0.061

+0.065 1)

where [ is the slope (%), L is the slope length (m), and p is determined by Equation (2),
as follows:
p=02+2352(pg — 0.2)L~ 1 )

where pp—slope percent < 1% is 0.2, 1-3% is 0.3, 3-5% is 0.4 and >5% is 0.5.

2.2.2. Field Observations

Suspended sediment yield (SSY) data at stationary gauging stations were used to
verify the modeling results. The database on water and sediment yield for the study area
was formed earlier [42] based on measurements of water turbidity, which were obtained at
the posts of the state monitoring network of Russia. These turbidity values were obtained
in manual mode using ashless medium (11 cm O) filters with a pore size of 8-12 microns.
Observations of water turbidity in most of the studied river basins, based on which sedi-
ment yield is calculated, were carried out with a frequency of 3 times a day. However, we
only had annual average data. The years of observation for SSY and the duration of the
observation series for each gauging station are presented in Table 3.

Table 3. Years of observation of suspended sediment yield.

River Basin ID River Observation Period Duration (Years)
77194 Betka 1946, 1963-1975 14
76644 Nurminka 1963-1985 22
77217 Malyy Cheremshan 1963-1980 18
76324 Sterlya 1986-1989, 1992-2013 35
76522 Menzelia 1963-1981 18
76520 Mellya 1964-1981 18
75647 Rudnya 1967-1984 15
78205 Atkarka 1965-1975 11
78157 Bolshoi Arkadak 1963-1975 13
76646 Anzirka 1965-1975 11
77222 Birla 1967-1982 11

2.2.3. Land Use

The spatial models of land use were created based on Landsat data. The initial
Landsat data for the study area have a grid size of 1 angular second. Land use dynamics
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were estimated based on Landsat 5 data for the period 1985-1990, and Landsat 8 data
for 2013-2015. Cloudless multiseasonal images for the snow-free period were used for
this purpose. The chosen years of imagery were determined by the fact that most of the
gauging stations used for measurements of suspended sediment yield and that were used
for further verification of modeling results have an observation period from the 1960s to
1980s (Table 3). The use of images from earlier satellites (Landsat 4 MSS) is not reasonable
because of their lower quality and spatial resolution. It is also accepted that the land use of
the study area during this period (the 1960s to 1980s) was relatively constant [43]. However,
according to earlier research, there have been some changes in land use patterns in the
study area over the past 30 years (1985-1990 to the present). They are associated with
decreased cropland area use and their abandonment [44].

The analysis of multi-temporal images within the Sterlya river basin showed negligible
dynamics in land use from 1985-2015. There is a 6% decrease in arable land area in this
river basin and a 4.4% increase in grassland area (Table 4).

Table 4. Dynamics of land use within the test River Basin 76324 (Sterlya river basin).

Land Category 1985-1990 2013-2015
Area, ha Percent of the Total Area Area, ha Percent of the Total Area
Water bodies 39 0.06 35.1 0.06
Forests 4584.18 7.75 4602.6 7.79
Meadows 16,373.18 27.69 18,966.15 32.08
Cropland 36,571.01 61.88 32,924.00 55.67
Urban areas 1548.63 2.62 2588.15 44
Total 59,116 100 59,116 100

Composites were created for land use recognition, based on bands 1-5 and 7 for
Landsat 5, and bands 2-6 for Landsat 8, calculated NDVI indices, and statistical metrics
(mean, median, max, sum, STD) calculated from NDVI. Recognition was performed using
the Random Forest method. A training sample was prepared, including five land-use types
to train the classifier within each river basin: croplands, forests, meadows, water bodies,
and urban objects (significant roads, settlements). As a result of the classification, a map of
land use was obtained for each river basin. Separately, it is worth mentioning that small
rivers are not visible on Landsat images due to their resolution, so the layer of water objects
digitized from topographic maps of scale 1:100,000 was used additionally. This layer is
required to assess the correctness of the methodology, which is based on the assessment of
the average annual intensity of sediment outflow into rivers.

Based on the obtained land use map and the map of landscape zones, different values
of the C (crop management factor) factor were established for different categories of land
use. For arable land, these values were taken from the article [45] based on information
from the Russian State Committee on Statistics of typical crop rotations in each landscape
zone (http:/ /www.gks.ru, accessed on 25 July 2021).

Because there is no free available spatial information about how to cultivate land over
such a large territory, P—the erosion control practice factor, was assumed to be 1.

2.2.4. Precipitation
The model of rainfall erosivity factor for both models (WATEM/SEDEM and SEA /BA-
LANCE) was created based on Equation (3) proposed for the Middle Volga region [46] for

each test river basin.
R = 3.19¢0006P 3)

where R—rainfall erosivity factor (t m mm ha=! min~! year’l), and P—the long-term
average annual sum of the daily rainfall depth over 10 mm during the warm season. The


http://www.gks.ru

Water 2022, 14, 2781

7 of 20

units of measurement were converted to the SI measurement system to use the values of R
obtained by Equation (3) in the WATEM/SEDEM model.

The complete methodology for creating a raster model (map) of the rainfall erosivity
factor is presented in detail in the article [47]. It should be noted that the initial data on the
daily precipitation has been downloaded from RIHMI-WDC (http://meteo.ru/, accessed
on 10 July 2021) for the corresponding time interval of sediment yield measurement.

A raster map of snow water storage was created based on G.A. Larionov’s map [48].
This map shows the thickness of the water layer (mm) that will cover this study area after
the melting of snow accumulated over the winter. Data on snow water storage are up to
date as of the 1980s. They correspond to the temporal period of observational data of the
suspended sediment yield at gauging stations.

Since one of the goals of this work is to evaluate the dynamics of sediment yield within
a catchment, the dynamics of the amount of precipitation within that river basin are given
here (Table 5). It should be noted that, for the warm period, only precipitation with an
intensity of more than 10 mm per day was considered, since this value is most often taken
as the threshold from which soil erosion begins during rain events precipitation [3].

Table 5. Effective precipitation (>10 mm/day) dynamics in the Sterlya river basin.

Cold Period Warm Period Cold Period Warm Period
1986-1990 (mm) 1986-1990 (mm) 1991-2013 (mm) 1991-2013 (mm)
st. Sterlitamak—Sterlya River 222 156 216 173

K = {16.67 x

The analysis of the table shows that the amount of precipitation with an intensity of
more than 10 mm/day in the warm period of the year at the studied station increased by
11%. The amount of precipitation falling out in the cold period of the year decreased by 5%.

2.2.5. Soils

Raster maps of soil erodibility (K-factor) were prepared based on the data of the
Unified State Register of Soil Resources of Russia (USRSR) (http:/ /egrpr.esoil.ru, accessed
on 10 July 2021) using Equation (4).

{d x (100 — ) }114 x (10*6) x (12 —a) +0.25 x (b —2)+0.193 x (4 — ¢) )

where K is soil erodibility factor (t ha min/((t m) ha mm), d is the fraction content of particles
0.1-0.001 mm in size (%), e is the fraction content of particles <0.001 mm in size (%), a is the
organic matter (%), b is the classes for structure, and c is the classes for permeability. Units
have been converted to SI to use the K values in the WATEM /SEDEM model.

The initial soil map is a vector layer. Polygonal objects of the layer are digitized
contours of the Russian soil map at a scale of 1:2,500,000 [49] and contain information
on soil types. The selected soil map has a finer spatial scale than the other spatial data
used in the study. At the same time, it is currently the only qualitative open-source
digital information on soil resources covering the entire study area. In addition, for 6 test
river basins (77194—Betka river, 76644—Nurminka river, 77217—Malyy Cheremshan,
76522—Menzelia river, 76520—Mellya river, 76646—Anzirka river) located within one
of the subjects of the Russian Federation (Republic of Tatarstan), a more detailed soil
map of scale 1:200,000 was available, which was used as an alternative for calculations.
Calculations were made using both maps within the given 6 river basins.

2.3. Methodology

The sediment redistribution in river basins was evaluated using the WATEM /SEDEM
model and the SEA /Balance model proposed in the current study. The model prediction
was compared with the suspended sediment yield monitoring data.

River basins for test calculations and subsequent analysis of methodology accuracy
were selected according to the following criteria.
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The river basin should have a relatively long observation series (more than ten years)
that is necessary to ensure the statistical reliability of stationary observation data.

The catchment should have a large plowed area (>50%), which is necessary for dom-
inance of the contribution of the basin erosion over channel erosion to the observed sus-
pended sediment yield and the possibility of comparison with model prediction [50]. Thus,
the contribution of channel erosion to suspended sediment yield is no more than 5-20%
within the territory under consideration on heavily plowed river basins (>50%) [51].

The river basin should have a small area of the subcatchment controlled by ponds
and reservoirs (25% on average for the whole river basins) to minimize the influence of
hydraulic structures (ponds, reservoirs) on the amount of suspended sediment yield.

The catchments should be small (100-1500 km?). The average long-term maximum
water discharges increase with a river basin area rise. This leads to an increase in bank
erosion in the study area, as well as to an increase in the channel erosion contribution to
suspended sediment yield [51].

2.3.1. WATEM/SEDEM Model

This model is used by various researchers worldwide, and it is described in detail by
its developers [34]. WATEM/SEDEM is a methodology based on a raster model of spatial
data. In the first stage, the mean annual soil erosion E in the cells of the raster model is
calculated using the RUSLE [15] by Equation (5).

E:RXKXLSZDXCXP (5)

where E—is the mean annual soil loss (kg m~2 year~!), R—is the rainfall erosivity factor
MJ mm m~2h! year’l), K—is the soil erodibility (kg hour MJ~! mm™1), LS;p—is the
slope length and steepness factor (dimensionless), C—is the crop management factor
(dimensionless), P—is the erosion control practice factor.

In the second stage, the transport of eroded material is simulated. Sediment movement
is estimated until the river element is reached. The sediment transport is calculated using
transport capacity (Equation (6)):

TC = ktc x R x K x (LSZD*4-1XSIR)/ (6)

where TC is the transport capacity (kg m~2 year '), ktc—is the transport capacity coefficient
(m) depending on the type of land cover, S;g—is the interrill slope gradient factor, and the
other variables are the same as in Equation (5).

The amount of sediment delivered from the up-slope areas is added to sediment
produced by erosion (E) for each grid cell. If the sum exceeds the transport capacity (TC) of
the flow, then the sediment yield from the cell is limited to the transport capacity. If the
sum of the sediment delivered to a given grid cell and the sediment formed by erosion in
that cell is lower than the transport capacity of the flow, then all the sediment is transported
further down the slope.

The model can be run by the original software tool downloaded from the Catholic
University of Leuven’s official website. The model uses two values of ktc: ktchigh—for
arable land; ktclow—for unploughed land. We used the values of the coefficients by default
set in the software package when modeling within the studied river basins: ktchigh = 250
and ktclow = 75. The calculation of the model was performed on a grid with a cell size of
25 x 25 m.

2.3.2. SEA /Balance Model

The following Equation (7) was taken as the basis to calculate the sediment budget on
the river basins slopes by SEA /Balance model [50,52]:

AW = (Wse + Wre) - W, (7)
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where AW—a mass balance between erosion and accumulation (t/year), Ws,—a mass
of sheet erosion (t/year), Wy—a mass of raindrop erosion (t/year), and W,—a mass of
accumulation (t/year). The raster model of spatial data used in this study is based on a
grid with a cell size of 25 x 25 m.

Equation (7) can be rewritten by replacing (Wse + Wr.) with W; ;;,, and W, with W ;4
and by adding W; ;,, (Figure 2, Equation (8))—the sediment that comes from the cells located
higher on the slope:

n
I/vj = (Z Wi,in> + W',in - Wj,out (8)
i=1

where W; is the budget of mean annual intensity between soil erosion/accumulation in
the current j-th grid cell(t/year), n is the number of cells located up the slope from which
sediment is coming, W;;, is the mean annual intensity of sediment yield coming into
the current cell from the i-th cell located up the slope (t/year), W;;, is the mean annual
intensity of sediment generation in that cell (equal to the erosion losses of the soil in that
cell calculated by Equation (9) (t/year)), and Wj,,; is the mean annual intensity of the
sediment accumulation in the cell (t/year).

rivers

arable lands

grasslands

forests

roads,
settlements

[T

Figure 2. Schematic diagram of sediment balance assessment in a specific cell of the raster.

The total amount of sediment in a cell was estimated similarly to the WATEM /SEDEM
model [34], but instead of RUSLE, the method proposed by Moscow State University (MSU)
was used [40]. The amount of sediment delivered from other cells is added to the sediment
generated during soil erosion. Another difference between SEA /Balance model and from
WATEM/SEDEM model is the method of a quantitative assessment of the sediment yield
from the raster cell. While the WATEM /SEDEM methodology uses the transport capacity
characteristic to estimate the sediment transported from the cell and the sediment that
remains in the grid cell, the sediment delivery ratio (SDR) is used in SEA /Balance model.
We take the SDR as the fraction of sediment transported from a given grid cell to a cell
downstream.

The intensity of sediment generation in the cell itself is calculated by Equation (9).

W in = EjA; )
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where E;—is the soil loss from rainwater and snowmelt runoff (t/ha per year), calculated
by the Formula (10) [7,48], and Aj—area of each grid cell (ha).

Ej = Erain + Esnow_melt (10)

where Eg00 meir is the annual snowmelt soil erosion (t/ha per year), and E,,;, is the annual
intensity of soil erosion from rainwater. A more detailed description of the calculation of
Esnow mer and Eqjy, is given in the article [7].

If we accept that the sediment yield into the cell down the slope will be equal to

n
SDR; x (( X Wiin) + Wjy), then Equation (8) can be rewritten in the following form:
i=1

n
W; = ((Y_ Wijn) + W) * (1 — SDR;) (11)
i=1
where SDR; is the sediment delivery ratio for each grid cell.

Previously published field data from arable slopes in the EPR were used to determine
averaged SDR for slopes of various configurations. The quantitative ratios of the eroded
and accumulated material volumes inside the arable land were determined by three field
methods: soil truncation method [53-58], 137Cs technique [58-67], and direct measure-
ments of erosion and deposition forms after erosion events [2,68]. Each of these methods
characterize the features of sediment redistribution for different time intervals of the entire
period of agricultural development. SDR estimates obtained based on each method were
aggregated into 8 groups based on slope morphology (Table 6), namely convergent and
divergent slopes of planned curvature, convex and concave profile curvature of slopes, and
divided into flatter (<3°) and steeper > 3°). Since the assessments were carried out only for
arable slopes of plain areas, where, in general, the slopes of arable land are small [58,64,69],
the used division of slopes by average steepness seems to be justified. Based on the values
of sediment delivery ratios obtained for each type of slope, the average SDR was obtained,
which was used in calculations using the SEA /Balance model (Table 6). The obtained
average values of the SDR for different types of slopes are comparable with the SDR for
slopes of a similar configuration, identified for other regions of the world [70-74].

Table 6. Sediment delivery ratio used in calculations of sediment redistribution in arable land.

Plan Curvature

Profile Curvature

+(Concave, Convergent) —(Convex, Divergent)
Slope angle > 3° Slope angle < 3° Slope angle > 3° Slope angle < 3°
+(concave)
0.71 0.31 0.71 0.31
Slope angle > 3° Slope angle < 3° Slope angle > 3° Slope angle < 3°
—(convex)

0.78 0.59 0.86 0.32

We do not consider a budget of sediment yield within the boundaries of major roads
and settlements since these territories occupy from 0.2% (the Birla River) to 4.4% (the
Sterlya River) of the total catchment area in this study. Therefore, the SDR for territories
with settlements and roads was assumed to be 0.

Many publications [40,56] on the spatial distribution of eroded material within forest-
covered areas of the Russian Plain show an almost complete absence of surface runoff.
Therefore, within the framework of this methodology, the SDR for forest-covered areas was
also assumed to be equal to zero.

Eroded material is often transported into the river valley and then into the river
through the gully and dry valley network channels. Sediments pass through gullies in
transit, or most of them are redeposited on the grassed bottoms of the dry valley. It should
be noted that the proportion of territories covered by gullies, which are characterized by a
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high SDR, is currently insignificant in the plain part of the European part of Russia [65].
In addition, the spatial detail of the study is a technical limitation in considering the gully
network in the delivery of sediments. Landsat imagery with a 30 m spatial resolution
corresponds to the detail of our study. These images showed that land-use types are
detected quite reliably. Given that the average length of gullies on this territory is 64 m [75],
it is impossible to detect most gullies on Landsat images. In addition, an analysis of
the development of gullies in various parts of the Russian Plain reveals a clear tendency
towards a decrease in the growth rate of both primary and secondary gullies in the second
half of the 20th century [76]. Therefore, in this study, we did not consider the gullies as
channels for the delivery of sediments to rivers.

The dry valley network was not identified directly on the land-use map. However, it
was interpreted in the combined analysis of the morphometric factor maps (convergent
plane curvature and large values of the flow length) and the land use map (presence of
meadows). Areas satisfying such conditions were assigned the SDR value of 0.15. This
value was taken based on averaging data on sediment accumulation in the bottoms of
dry valleys, mainly located within the southern megaslope of the Russian Plain. So, for
example, for the river Khoper, this indicator varies from 0.45 for first-order valleys to 0.1 for
the fifth-order valleys. Moreover, if we take into account here the length of these valleys or
their area, then the sediment delivery ratio will be equal to 0.12 to 0.16 [61]. Only sporadic
studies have been conducted within the study area that would allow a discussion of the
value of the SDR of the bottoms of the gullies of different orders. For example, in 2018-2019,
a study was conducted within Temeva Rechka (Mesha River) that showed a sediment
delivery factor of 0.20 for a dry valley [77]. Two coefficients were adopted for meadow
slopes between cropland and the valley network in this study: 0.15 for concave areas that
concentrate flow; 0 for convex areas that disperse the flow.

2.3.3. Comparative Analysis Method

Two features of WATEM/SEDEM and SEA /Balance predictions were compared. First,
the accuracy of the two methods was quantitatively compared, expressed as the bias
between predicted sediment yield discharged into the river and the observed mean annual
suspended sediment yield. Secondly, a qualitative comparative analysis of the net erosion
maps was undertaken.

The modeled value sediment mass entering the river channel from the river basin and
the measured sediment at some sections of the river are not the same. For example, the
suspended sediment yield (SSY) of a river measured at a particular site can be estimated by
Equation (12).

W = Wysd + Wehe = Wacerch — Wacewsd (12)

where W44 is the mass of sediment coming from the river basin (t), W, is the mass of
sediment produced by channel erosion (t), W ccrcn is the mass of sediment accumulating
in the river channel (t), W,ccwsd is the mass of sediment accumulating in the river basin
(t), and Wyyeq and Weewsq Values are considered in the SEA /Balance methodology. Since
sediments of river basin origin within heavily plowed catchments to a greater extent
form the suspended sediments yield, determining the turbidity of water, the sediments of
channel genesis are mainly transported along the bed in the form of sand and gravel [78].
It can be assumed that the W, value will give a relatively small contribution to the SSY
measured in the river channel. This statement is confirmed by the fact that we are studying
heavily plowed (more than 50%) river basins, where, according to previous studies [51],
the share of the channel part of SSY is in the range of 5-20%. The value of W, can also
be ignored because according to the published data, the process of active silting of small
rivers was substantially slowed down and the share of channel accumulation in the total
mass of sediment yield is small in the second half of the 20th century [79].

The evaluation methodology’s accuracy consisted of a comparative analysis of the
biases between modeled sediment yield (55Y,,,7) coming from the territory of the river



Water 2022, 14, 2781

12 of 20

basin with the observed values (SSY,;;) of the suspended sediment yield in the river
channel. The proposed estimation approach is standard and tested in many studies [9,33].

The bias (ERR) between the observed and simulated SSY values was calculated in a
percentage using the Equation (13).

Yy0d — SSY,
ERR = (SS mgdsy ;ss “bS) 100 (13)
obs

3. Results

Sediment yield values for 11 river basins in various landscape zones of the study area
were calculated using WATEM /SEDEM and proposed SEA /Balance models. The biases
between their values and the observed sediment yield are presented in Table 7.

Table 7. Results of modeling and comparison with observed data on sediment yield.

River Basin ID River (t/ksnfZY pmgf lY:ar) (t/ksr:;{ 3‘35‘ Zyzar) (t/kri?}{;ﬁ;ear) ERRQM K ERR%MZ K
77194 Betka 323 341 365 —12 -7
76644 Nurminka 115 410 246 —53 +67
77217 Chi\fjggan 37 67 84 —56 —21
76324 Sterlya 16 42 33 —51 +28
76522 Menzelia 223 186 264 ~15 —30
76520 Mellya 77 65 55 +41 +19
75647 Rudnya 92 112 69 +33 +62
78205 Atkarka 11 18 36 —70 —51
78157 Ifroklzg‘;; 31 37 34 -8 +9
76646 Anzirka 81 163 363 —78 —55
77222 Birla 3 12 6 —53 +96

Note(s): * SSYmod1—the modeled suspended sediment yield (SEA /Balance methodology). SSY042—the modeled
suspended sediment yield (WATEM/SEDEM). SSY ,ps—the observed suspended sediment yield. ERR ,,q;—the
bias between modeled (SEA /Balance) and observed suspended sediment yield. ERR ,,,q,—the bias between
modeled (WATEM/SEDEM) and observed suspended sediment yield.

The absolute average bias (ERRy,041) between modeled and observed suspended
sediment yield in the SEA /Balance methodology is 43%. The WATEM/SEDEM method-
ology’s bias (ERRy,0q42) is slightly lower—40%. In addition, a bias analysis was carried
out separately in each river basin, which made it possible to split 11 test river basins into
three groups (Table 7). In the first group (six river basins), the absolute biases are smaller
in the case of using the WATEM/SEDEM (Betka, Malyy Cheremshan, Sterlya, Mellya,
Atkarka, Anzirka) methodology. The second group (four river basins) with the smallest
absolute biases are in the case of using the SEA /Balance method (Nurminka, Menzelia,
Rudnya, Birla). The third group includes the basin of the Bolshoi Arkadak river, which is
characterized by almost the same absolute biases.

However, suppose the trend (sign “+” or “—") of bias is considered in the calcula-
tions. In that case, the biases in measured and calculated values using the are +11%, and
—29% using the WATEM/SEDEM and SEA /Balance methodologies, respectively. Partly
negative bias (—29%) can be explained by the contribution of channel erosion, which, for
these heavily plowed basins, can reach 5-20% [51].

The positive bias (+11%) associated with using the WATEM/SEDEM methodology
is difficult to explain because the sediment yield from the catchment must be less than
the suspended sediment yield measured in the river since in the river the contribution
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of channel erosion is added to basin erosion. The analysis of all 11 river basins (Table 7)
shows that the values of suspended sediment yield obtained within 9 river basins by the
SEA /Balance method have negative biases, and only 2 (Mellia, Rudnya) have positive
values. The number of river basins with positive and negative values of biases using the
WATEM/SEDEM methodology is almost equal.

It is noteworthy that, for some test river basins (Nurminka, Sterlya, Birla), very
different values of sediment yield were obtained using two different models. This can be
explained by the fact that the WATEM/SEDEM model was not calibrated for the natural
conditions of Russia due to insufficient initial data. Therefore, we have positive biases
values here within these river basins (Nurminka, Sterlya, Birla) in the case of application of
WATEM /SEDEM model calculation.

Estimating errors of both models for six test river basins (Betka River, Nurminka
River, Malyy Cheremshan River, Menzelia River, Melya River, Anzirka River) does not
significantly change the result in the case of using in the calculation the a more detailed
information about soil parameters taken from soil map (scale 1:200,000).

Determination coefficients of linear models relating the observed and predicted data
by SEA /Balance methodology and WATEM/SEDEM model are as follows: SEA /Balance—
R? = 0.6; WATEM /SEDEM—R? = 0.63, which demonstrates a rather high correlation
between observed and model values obtained by two different methods. Thus, correlation
coefficients between the observed values and the predicted values obtained using both
methods are around 0.8 (0.78—SEA /Balance, 0.79—WATEM /SEDEM). These correlation
coefficients are characterized by p-values less than 0.05, which indicates a statistically
significant non-zero correlation between the two variables. The obtained results of the
correlation analysis are illustrated by the graphs of linear models between the observed
and simulated SSY values (Figures 3 and 4).
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Figure 3. Plot of linear model between observed SSY, (t/km?) and modeled SSY,,q1 SEA /Balance
(t/km?) (SSY ops = 13.3072 + 0.55474 * SSY oq1)-
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Figure 4. Plot of linear model between observed SSY,ps (t/km?) and modeled SSYp,,qp WA-
TEM/SEDEM (t/km?) (SSY s = 31.4649 + 0.831994 * SSY 1.042)-

The maps of the mean annual net water erosion are an actual result of the study. The
majority of similar studies usually present only maps of sediment yield from a given area.
A cartographic representation of the net water erosion in the various parts of the EPR is
reported much more rarely.

Map analysis shows that (Figures 5 and 6) soil loss intensity values obtained by the
SEA /Balance model are less than the values obtained by the WATEM /SEDEM model in the
same areas. At the same time, both methods systematically show that the highest values of
soil loss intensity are associated with steep sections of slopes (Figures 5 and 6).
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Figure 5. Map of the net water erosion obtained using WATEM/SEDEM methodology for Nurminka
river basin (Numbers: 1—river basin boundary, 2—settlements, 3—water bodies, 4—SSY observation
station, 5—roads, 6—rivers, 7—railroads, 8—sediment accumulation places within dry valleys and
terrace joints).
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Figure 6. Map of the net water erosion obtained using SEA /Balance methodology for Nurminka
river basin (Numbers: 1—river basin boundary, 2—settlements, 3—water bodies, 4—SSY observation
station, 5—roads, 6—rivers, 7—railroads, 8—sediment accumulation places within dry valleys and
terrace joints).

The spatial distribution of intensities of accumulation differs between SEA /Balance
and WATEM /SEDEM models. So, on the map obtained by the SEA /Balance technique, the
most significant accumulation is related to the dry valley network and the terrace joints
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of the steep slopes. On the map obtained by the WATEM/SEDEM technique, the pattern
of the most significant accumulation refers to the bottoms of the dry valleys and occupies
a smaller area. The spatial distribution of erosion and accumulation zones predicted
by models requires to be verified by field studies which could also give a quantitative
assessment of the intensity of the processes.

The possibility of applying the proposed SEA /Balance methodology to other parts of
European Russia can be assessed after carrying out similar test analyses and comparing
them with stationary observation data.

Analysis of Sediment Yield Dynamics

Land use and precipitation are the two most significant factors affecting the intensity
of the erosion—accumulation processes and sediment yield for the last 30 years within
the study area [3]. The modeled dynamics of sediment yield were analyzed within the
Sterlya river (76,324) basin, depending on land use change and precipitation since we had
relatively modern observed data on sediment yield. The analysis was performed using the
SEA /Balance methodology.

As noted above, there has been a reduction in arable land and changes in their spatial
position within the Sterlya river (76324) basin. These changes reduced the slope angle and
length of the slope in the arable land (Table 1), which led to a 19% reduction in the mass of
sediment from the river basin into the river (Table 8).

Table 8. Changes of sediment yield reaching the Sterlya River from the basin modeled by
SEA /Balance, depend on changes in precipitation intensity and land use.

Factors that Changed in the Calculation for the Two Periods 1985-1990 (t/y) 1991-2013 (t/y) Change, %
Change in land use 9219 7502 -19
Change in precipitation 9219 10,098 +10
Change in land use and precipitation 9219 8232 -11

Multidirectional changes in the amount of rainstorm and snowmelt precipitation re-
sulted in an increase in sediment mass reaching the river by 10% in the simulation (Table 8).
The simultaneous consideration of changes in both factors leads to an 11% decrease in
the sediment mass reaching the river from the catchment from 9219 t/year to 8232 t/year,
which corresponds to the dynamics of changes in SSY at the gauging station. At the same
time, the dynamics of the SSY values measured at the gauging station are much more
significant and change from 68 t/km?/year in 1986-1990 to 25 t/km? /year in 1991-2013.
The decrease is 63% of the initial value.

This circumstance is explained by the fact that, since the early 1990s, winters in the
study area have become much warmer. The mean annual air temperatures of the winter
months have increased, and the depth of soil freezing has decreased [80]. This fact led
to a rapid reduction in melted surface runoff [81] and reduced sediment mobilization [3].
Although the SEA /Balance methodology has been used to estimate soil loss from melt
runoff, its share in the average annual values of soil erosion, according to the calculation
methodology used, does not exceed 10%. In reality, according to the field observations, the
contribution of melt runoff to soil erosion at the end of the 1980s was 40% of the total soil
losses [82]. It is close to 0% according to modern studies [83,84]. Therefore, the model does
not reflect the significant decrease in sediment yield observed at the gauging station. The
main difference between meltwater runoff and stormwater runoff is the redistribution of
sediments outside the arable land. When meltwater runoff is formed, the turbidity of water
is not high. It rarely reaches 100 g/L, but the runoff rates are high, eventually delivering
a significant portion of the sediment to permanent streams [61]. In contrast, with storm
runoff, the turbidity of the water is often relatively high, leading to the redeposition of most
of the sediment along the border of the arable land [68] and in the dry valleys’ bottoms,
and only a tiny proportion of the sediment is transported to the permanent streams.



Water 2022, 14, 2781

16 of 20

4. Discussion

The model bias for SEA /Balance is 43% and WATEM /SEDEM is 40%, which is com-
parable to the results of similar studies in Belgium [34], where the bias between the model
and observed values was 36%.

The obtained coefficients of determination are comparable with the data of another
study for the territory located within the Loess Plateau in China [24]. Thus, the R2 for the
linear correlation between the observed and model data of the suspended sediment yield
in the Loess Plateau area is 0.69.

WATEM/SEDEM model studies conducted within Spain in 68 river basins [9] show
slightly worse results (R? = 0.48) compared to the modeling of 11 river basins in the Euro-
pean part of Russia. Applying the WATEM /SEDEM model to 40 Italian river basins [31]
gives R? = 0.5 and a mean error of 14%.

It is necessary to consider the fact that the observed data on suspended sediment
yield is measured with error. For example, in Belgium, according to estimates [34], the
error of suspended sediments yield measurement at gauging stations is 20%. An analysis
of suspended sediment yield assessment (average 20-year series) within France shows
that the median deviation is 15% [85]. There are data on measurement accuracy at the
stations of the state monitoring network of Russia, which we used to assess the bias of the
two methods. The accuracy of water turbidity measurements may vary from 10 to 60%,
according to methodological guidelines [84].

Thus, we can say that the biases obtained in the current study are comparable with
the data of previous studies and do not exceed the errors of field measurements.

5. Conclusions

A comparative analysis of 11 test river basins within the eastern Russian Plain showed
that the absolute average bias calculated between the predicted and observed values of SSY
is 40% for the WATEM /SEDEM model and 43% for the SEA /Balance model, which, in our
opinion, are comparable values. The average bias between measured and predicted values
using the WATEM /SEDEM approach is +11%. Average bias for the SEA /Balance approach
—29%, which can be presumably explained by the contribution of channel erosion to the
observed values.

The sediment yield values obtained by both methods have high correlation coetfi-
cients with the observed SSY values within 11 tested river basins: SEA /Balance—r = 0.78,
WATEM/SEDEM—r = 0.79. The methods tested in the article have the following determi-
nation coefficients: SEA /Balance—R? = 0.6%; WATEM/SEDEM—R? = 0.63%.

The methods slightly differ in analyzing the spatial distribution of the deposition sites.
So, we cannot see intensive deposition in the lower parts of dry valleys within the test
basins calculated by the WATEM /SEDEM model, in contrast to the SEA /Balance model.
Here, additional field studies are required within the river basins in question to assess the
correctness of spatial distribution on the water erosion maps obtained by both methods.

It is possible to obtain more realistic values of sediment yield delivered from the
catchment to the river channels received by using the SEA /Balance model, in comparison
with WATEM /SEDEM model for the studied area. At the same time, the model we propose
uses regional values of sediment delivery ratio coefficients, which cannot be applied to other
territories without field investigation of sediment redistribution within catchment areas.

The analysis of the dynamics of sediment transported to the Sterlya River from its river
basin showed an 11% decrease in sediment mass from 1986 to 2013 using SEA /Balance
model. Such dynamics have the same direction of the trend compared with changes in
the SSY measured at the gauging station, but the reduction in intensity according to field
observations is much higher and amounts to 63%.
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